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Magnetic Field sensor with a Hall element 

[0001] The invention concerns a magnetic field sensor with a symmetrical vertical Hall element of the 
type named in the preamble of claim 1 . 

[0002] For years now, magnetic field sensors that are based on a Hall element have been produced in 
large numbers and are used in industry, in household equipment and in vehicle manufacture as position 
switches or for position measurement. Hall elements that are manufactured with customary IC 
technology have all the advantages of this technology in particular the high reproducibility of their 
magnetic and electrical characteristics at comparatively low cost. So-called horizontal Hall elements are 
used for measuring the components of the magnetic field that run vertically to the chip surface, while so- 
called vertical Hall elements are used for measuring the components of the magnetic field that run 
parallel to the chip surface. 

[0003] A conventional Hall element has four contacts, namely two current contacts for the supply and 
discharge of a current flowing through the Hall element and two voltage contacts for tapping the Hall 
voltage produced by the component of the magnetic field to be measured. A fundamental problem of the 
Hall elements is that a voltage, the so-called offset voltage, is present between the two voltage contacts 
even when no magnetic field is present. Two techniques have been developed in order to reduce the 
offset voltage. With one technique that is applied with horizontal Hall elements, two horizontal Hall 
elements are used whereby the two currents that flow through the two Hall elements form an angle of 
90°. With the other technique known fi-om US 4 037 150 that is suitable for symmetrical Hall elements 
that are electrically invariant in relation to a reversal of the current and voltage contacts, the current and 
voltage contacts are electrically commutated. In accordance with US 5 057 890, this technique that was 
developed for horizontal Hall elements can also be used for vertical Hall elements with which the 
position and size of the current and voltage contacts have been calculated by means of conformal 
mapping of a symmetrical horizontal Hall element. 

[0004] The present invention concerns symmetrical vertical Hall elements, these are Hall elements with 
which four contacts, namely two inner and two outer contacts, are arranged along a line. Typically, the 
two inner contacts are the same size and the two outer contacts are the same size. The current always 
flows from one inner contact to the not neighbouring outer contact or vice versa. With these symmetrical 
vertical Hall elements, because of their geometrical symmetry, the current and voltage contacts can be 
reversed, that means electrically commutated, without changing the electrical and magnetic 
characteristics of the Hall element. 

[0005] Symmetrical vertical Hall elements are known from the above quoted US 5057890 and from the 
article "A Symmetrical Vertical Hall-Effect Device" that was published in the magazine Sensors and 
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they have only been manufactured with a special technology that does not allow the integration of 
electronic switching elements as well as Hall elements onto the same semiconductor chip. 

[0006] A vertical Hall element with bipolar technology is known from US 5572058. With this 
technology, the Hall element is insulated from the substrate so that, apart from the Hall element, 
electronic elements can also be integrated onto the same semiconductor chip. However, this vertical Hall 
element that has five contacts arranged along a straight line, namely a central contact and two outer 
contacts that serve as current contacts and two voltage contacts that are arranged between the central 
contact and one of the outer contacts, does not belong to the group of symmetrical vertical Hall elements 
because the electrical characteristics of the Hall element change on a reversal of the current and voltage 
contacts. 

[0007] The object of the invention is to develop a symmetrical vertical Hall element that can be realised 
in an N-type well of a CMOS technology with which, in terms of potential, the two voltage contacts lie 
roughly in the middle between the potentials of the two current contacts and with which the offset 
voltage is as low as possible. 

[0008] The named object is solved in accordance with the invention by means of the features of claims 
1,5, 6, 7 and 10. 

[0009] With this object, on the one hand there is the problem that the lengths of the current and voltage 
contacts calculated by means of conformal mapping are less than the minimum dimensions that are 
possible with the technology. The reason is that the depth of the N-type well is very low in comparison to 
the distance between the outer edges of the outer contacts. If the current and voltage contacts are 
enlarged in relation to the calculated ideal values corresponding to the minimum requirements of the 
technology, then, in terms of potential, the two voltage contacts no longer lie in the middle between the 
potentials of the two current contacts, the offset voltage becomes comparatively very high and the 
sensitivity is greatly reduced. When, in terms of potential, the two voltage contacts no longer lie in the 
middle between the potentials of the two current contacts, then this means that the commutation of the 
current and voltage contacts can no longer be meaningfully applied. Furthermore, the doping of the N- 
type well is not homogenous. This has the result that firstly the largest part of the current flows directly 
underneath the surface of the Hall element, typically in a layer of only one to two micrometers thickness 
even when the N-type well has a diffusion depth of several micrometers and, secondly the theory of 
conformal mapping is no longer applicable. 

[0010] The invention starts with a symmetrical vertical Hall element with four contacts, namely two 
inner and two outer contacts that are arranged along a line on the surface of a semiconductor chip. The 
two inner contacts are preferably of the same width and the two outer contacts are preferably of the same 
width whereby the width of the contacts is measured in the direction of the straight line. 
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[00111 The symmetrical vertical Hall element comprises a well of a first conductivity type that is 
embedded in a substrate of a second conductivity type. The four contacts contact the well. From the 
electrical point of view, such a Hall element with four contacts can be regarded as a resistance bridge 
formed by four resistors Ri to R4 of the Hall element. When operating the Hall element as a magnetic 
field sensor, a current always flows between two contacts that are not adjacent. From the electrical point 
of view, the Hall element is then regarded as being ideal when the four resistors Ri to R4 have the same 
value. In this case, on supplying the Hall element via two current contacts, the contacts serving as voltage 
contacts are located on the same electrical potential namely the potential of half of the supply voltage. 
Furthermore the voltage between the voltage contacts, the so-called offset voltage, is then equal to zero, 
ie, the offset voltage disappears. The same is also valid when the roles of the current and voltage contacts 
are reversed. 

[0012] In accordance with the invention it is suggested to arrange the four contacts of the Hall element 
in such a way that three of the four resistors Ri to R3 for geometrical reasons are almost the same size. 
The fourth resistor R4, namely the electrical resistance between the two outer contacts, is larger than the 
other resistors Ri, R2 and R3. In order to balance the resistance bridge, in accordance with the invention it 
is furthermore suggested to arrange another resistor R5 parallel to resistor R4 the value of which is 
defined so that approximately Ri ^ R2 R3 = R4 | | R5 is valid. The resistor R5 is, for example, an external 
resistor. Preferably however the resistor R5 is embedded in the well of the Hall element or is realised as a 
separate N-type well. In the first case, the resistor has at least one contact that contacts the well of the 
Hall element and is arranged next to one of the two outer contacts on the side facing the edge of the well 
of the Hall element. In this case, the advantage exists in that the resistor R5 has the same temperature 
coefficient as the resistors Ri, R2, R3 and R4 so that the resistance bridge remains balanced even with 
variations in temperature. 

[0013] Another possibility of electrically balancing the resistance bridge exists in providing both at least 
one electrode electrically insulated from the well whereby the at least one electrode is arranged between 
two contacts. The at least one electrode serves to locally increase or reduce the electrical conductivity of 
the well in the area underneath the electrode. 

[0014] A further possibility of electrically balancing the resistance bridge exists in locally increasing or 
reducing the electrical conductivity of the well in the area between two contacts by means of local 
implantation of additional or fewer ions. 

[0015] A further possibility of electrically balancing the resistance bridge exists in using a magnetic 
field sensor with a first Hall element and a second Hall element that each have two inner and two outer 
contacts arranged along a straight line whereby preferably the two inner contacts are the same width and 
whereby preferably the two outer contacts are the same width, whereby the straight lines of the two Hall 
elements run parallel and whereby the contacts of the two Hall elements are wired via conductor paths in 
such a way that their Hall voltages are equidirectional and their offset voltages are largely compensated 
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so that the total resuhing offset voltage almost vanishes. 

[0016] In the following, embodiments of the invention are explained in more detail based on the 
drawing. The figures are not drawn to scale. 



f0017] 


It is shown in: 


Fig. 


1 a cross-section of a symmetrical vertical Hall element, 


[0018] 


Fig. 


2 


a plan view of the symmetrical vertical Hall element, 


[0019] 


Fig. 


3 


an equivalent circuit diagram for the symmetrical vertical Hall element. 


[0020] 


Fig. 


4 


a symmetrical vertical Hall element with an integrated resistor. 


[0021] 


Fig. 


5 


a symmetrical vertical Hall element with two integrated resistors, 


[0022] 


Fig. 


6 


a symmetrical vertical Hall element with additional electrodes. 


[0023] 


Fig. 


7 


a mask that, on the implantation of ions, is used for the formation of an N- 








type well, and 


[0024] 


Fig. 


8,9 


two anti-parallel connected Hall elements. 



[0025] Figs. 1 and 2 show a cross-section and a plan view of a symmetrical vertical Hall element 1 . The 
Hall element 1 manufactured with a CMOS technology preferably comprises a well 2 of a first 
conductivity type that is embedded in a substrate 3 made of silicon of a second conductivity type. The 
Hall element 1 has four contacts 4 - 7 on the surface, namely two inner contacts 5 and 6 as well as two 
outer contacts 4 and 7. The contacts 4 - 7 are arranged along a straight line 8 (Fig. 2). Preferably the two 
inner contacts 5 and 6 are the same width as seen along the straight line 8 and the two outer contacts 4 
and 7 are the same width. The position and size of the well 2 and the contacts 4-7 are then symmetrical 
in relation to a plane 9 that runs perpendicularly to the straight line 8 and in the middle between the two 
inner contacts 5 and 6. (For technological reasons it makes sense to make the two inner contacts 5 and 6 
the same width and the two outer contacts 4 and 7 the same width but is not absolutely necessary.) 

[0026] Because with silicon the mobility of the electrons is greater than the mobility of the holes, it is 
advantageous when an N-type well and not a P-type well is used for the Hall element 1. A P-type well 
could be used for the Hall element 1 however the sensitivity of the magnetic field sensor would then be 
distinctly lower. 

[0027] The depth t of the well 2 amounts typically to around 5 ^im. Because the doping of the well 2 is 
not homogenous but reduces exponentially with increasing depth, the greatest part of the current flows 
underneath the surface of the Hall element 1 in a thin layer of typically 1 - 2 ^im thickness. The depth t^ff 
of the well 2 effective for the electrical and magnetic characteristics of the Hall element 1 therefore only 
amounts to around 1 - 2 |im. The length L of the Hall element 1 is given by the length of the well 2. 
Essentially, it corresponds to the distance between the outer edges 10 and 1 1 of the outer contacts 4 and 
7. The length L is large in comparison to the depth t or to the effective depth teff. The electrical 
characteristics of the Hall element 1 can be represented by a resistance bridge formed from four resistors 
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Ri to R4. For ease of understanding, in Fig. 1 the resistances prevailing between two contacts are each 
presented by a resistor symbol Ri to R4 and a line that connects the contacts corresponding to the resistor. 

[0028] Fig. 3 shows the electrical circuit diagram of the resistance bridge formed by the four resistors 
Ri to R4 of the Hall element 1 . On operation of the Hall element 1 as a magnetic field sensor, a current 
always flows between two contacts that are not adjacent, for example between the contacts 4 and 6 or 
between the contacts 5 and 7. Form the electrical point of view, the Hall element 1 is then regarded as 
ideal when the four resistors Ri to R4 have the same value. In this case, on supplying the Hall element 1 
via the contacts 4 and 6, the contacts 5 and 7 serving as voltage contacts both have the same electrical 
potential, namely the potential of half the supply voltage. Furthermore, the voltage between the voltage 
contacts is then equal to zero, ie, the offset voltage vanishes. The same is valid when the Hall element 1 
is supplied via the contacts 5 and 7 and the contacts 4 and 6 serve as voltage contacts. 

[0029] For geometrical reasons, the resistors Ri and R3 are the same size. The resistor R2 can be altered 

by increasing or reducing the distance between the inner contacts 5 and 6. By means of appropriate 

selection of the position and size of the contacts 4-7, one can therefore achieve that approximately 

Ri = R2 = R3 is valid. In addition, it is valid that the resistor R4 is larger than the other resistors Ri, R2 and 

R3. In order to balance the resistance bridge, in accordance with the invention it is suggested to arrange a 

further resistor R5 parallel to the resistor R4 the value of which is defined so that approximately 

Ri = R2 = R3 = R4 I I R5 is valid. The resistor R5 is for example an external resistor. However the resistor 

R5 is preferably embedded in the N-type well 2 of the Hall element 1 or is realised as a separate N-type 

well. In this case, the advantage lies in that the resistor R5 has the same temperature coefficient as the 

resistors Ri, R2, R3 and R4 so that the resistance bridge remains balanced even with temperature 

variations. 

[0030] Figs. 4 and 5 show two examples with which the resistor R5 is embedded in the well 2 of the 
Hall element 1. For ease of understanding, the resistances prevailing between two contacts are again 
represented by a resistor symbol and a line connecting the corresponding contacts. With the example 
according to Fig. 4, a further contact 12 is arranged next to the contact 4 that is connected to the contact 7 
by a purely schematically represented conductor path 13. With the example according to Fig. 5, a further 
contact 12 is arranged next to the contact 4 and a further contact 14 is arranged next to the contact 7 
whereby the two additional contacts 12 and 14 are again connected by an only schematically represented 
conductor path 13. With this example therefore the resistor R5 is realised not by means of one single 
resistor but by means of two resistors with the value '/2R5. 

[0031] Limits are set on the miniaturisation of the Hall element in that a technology dependent 
minimum distance has to be maintained between the two inner contacts 5 and 6. Today, this minimum 
distance lies in the area of around 0.8 pm. The resistor R2 can therefore not fall below a certain value 
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predetermined by the technology used. In the following, further examples are explained as to how the 
resistors Ri to R3 can be increased or reduced. 

[0032] With the example according to Fig. 6 three electrodes 15 - 17 are arranged between the contacts 
4-7 that, for example, are realised out of polysilicon like the gate electrodes of a MOSFET. The 
electrodes 15 - 17 are separated from the N-type well for example by means of a thin oxide layer and 
therefore electrically insulated from the N-type well 2. On operation of the Hall element 1, each of the 
electrodes 15 - 17 is biased with a predetermined voltage in relation to the N-type well 2. The electrodes 
15 and 17 are biased with the same voltage while the electrode 16 is biased with a voltage of reverse 
polarity. The biasing of an electrode in relation to the N-type well 2 has the effect that, dependent on the 
sign of the bias, the charge carrier density in the area underneath the electrode is either increased or 
decreased. In order to increase the charge carrier density, the bias of the electrode has to be inverse to the 
type of the charge carriers of the well 2. When the well 2 is N-type, then the bias of the electrode has to 
be positive in relation to the potential of the well 2. In order to reduce the charge carrier density, the bias 
of the electrode has to be of the same type as the charge carriers and of the well 2. When the well 2 is N- 
type, then in this case the bias of the electrode has to be negative in relation to the potential of the well 2. 

[0033] It is also possible, instead of three electrodes 15, 16 and 17 to provide only one single electrode, 
namely the electrode 16 between the inner contacts 5 and 6 or only the two electrodes 15 and 17 that are 
each arranged between an inner and an outer contact. Furthermore, it is possible with the example 
according to Fig. 4 to provide an additional electrode that is arranged between the contacts 4 and 12 or, 
with the example according to Fig. 5, to provide two additional electrodes that are arranged between the 
contacts 4 and 12 and between the contacts 7 and 14. By selecting the size and sign of the bias applied to 
the individual electrodes, the resistors Ri to R5 can be altered within certain limits. Therefore, electronic 
voltage sources are provided that are realised in the same semiconductor chip as the Hall element 1, 
whereby the biases to be applied to the individual electrodes are determined once in a calibration 
procedure so that the resistance bridge formed by the resistors Ri to R5 is optimally balanced. 

[0034] A further possibility of reducing or increasing the resistors Ri to R3 with given position and size 
of the contacts 4-7 exists in increasing or reducing the charge carrier density by means of the local 
implantation of additional or fewer ions. This possibility is explained in more detail based on Fig. 7. The 
contacts 4 to 7 are represented by areas that are bordered with a broken line 18. With the formation of the 
N-type well 2, a mask 19 is used for the ion implantation that does not have one single opening 20 
corresponding to the size of the well 2 but an opening 20 that has local islands 21 that cover a part of the 
opening 20 so that the doping of the N-type well 2 varies locally. The dimensions of the islands 21 are 
selected so small that the areas separated by the islands 21 connect to the N-type well 2 on the diffusion 
following the implantation. The doping of the well 2 in the area between the two inner contacts 5 and 6 is 
therefore different to the doping of the well 2 in the areas between an inner contact and an adjacent outer 
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contact. 

[0035] Figs. 8 and 9 illustrate a further possibility of largely balancing the resistance bridge formed by 
the resistors Ri to R4, namely by the parallel connection of two Hall elements 1 and 1 ' that are arranged 
parallel to each other so that they measure the same component of the magnetic field. The directions of 
the currents flowing through the two Hall elements 1 and V are presented symbolically by means of 
arrows that point from the contact where the current is supplied to the contact where the current is 
discharged. The contacts 4 - 7 of the first Hall element 1 and the contacts 4' - 7' of the second Hall 
element 1 ' are wired in pairs via schematically presented conductors paths to 13. The wiring has to fulfil 
two criteria that are described as follows. First of all, the Hall voltages of the two Hall elements 1 and 1 ' 
produced by the magnetic field have to be equidirectional otherwise the magnetic field sensor does not 
"see" the magnetic field. When the two current contacts are connected by an arrow that indicates the 
direction of the current, then one voltage contact is always located on the left-hand side of the arrow and 
one voltage contact on the right-hand side of the arrow. Equidirectional now means that the two voltage 
contacts of the two Hall elements 1 and 1 ' that lie on the left-hand side of the corresponding arrow have 
to be connected and that the two voltage contacts of the two Hall elements 1 and 1 ' that lie on the right- 
hand side of the corresponding arrow have to be connected. If the two Hall elements 1 and 1 * were not 
wired, then with the first Hall element 1, one of the two voltage contacts 5 and 7 would cany a higher 
potential than the other voltage contact as the resistor R4 is larger than the other resistors Ri, R2 and R3. 
Equally, with the second Hall element 1 ' one of the two voltage contacts 4' and 6' would carry a higher 
potential than the other voltage contact as here also the resistor R4* is larger than the other resistors Ri', 
R2' and R3'. With the example in Fig. 8 - with the direction of the current presented in Fig. 8 - the voltage 
contact 7 of the first Hall element 1 carries the higher potential than the voltage contact 5. With the 
second Hall element V the voltage contact 4' carries the higher potential than the voltage contact 6\ 
Secondly, the voltage contacts 7, 5, 4' and 6' of the two Hall elements 1 and 1 ' are now to be wired in 
such a way that the voltage contact 7 of the first Hall element 1 that carries the higher potential is 
connected to the voltage contact 6' of the second Hall element 1 ' that carries the lower potential. Because 
of this wiring, the currents flowing through the two Hall elements 1 and 1 ' are distributed in such a way 
that, with vanishing magnetic field, the voltage applied between the voltage contacts 7 and 5 of the first 
Hall element 1, the so-called offset voltage, is much lower than it would be without connection of the 
second Hall element 1 ' in the way described. With the example presented in Fig. 8, the contacts 4 - 7 of 
the first Hall element 1 and the contacts 4' - 7' of the second Hall element 1 ' are wired in pairs as 
follows: The contact 4 with the contact 7\ the contact 5 with the contact 4\ the contact 6 with the contact 
5' and the contact 7 with the contact 6', whereby the currents in both Hall elements 1 and 1 ' always flow 
from an inner contact to the not adjacent outer contact but in the opposite direction. 

[0036] With the example presented in Fig. 9, the currents flow in the same direction, with the first Hall 
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element 1 from an inner contact to the not adjacent outer contact, however with the second Hall element 
1 ' from an outer contact to the not adjacent inner contact. The contacts 4-7 of the first Hall element 1 
and the contacts 4' - 7' of the second Hall element 1 ' are wired in pairs as follows: The contact 4 with the 
contact 5', the contact 5 with the contact 6', the contact 6 with the contact 7' and the contact 7 with the 
contact 4' so that the two criteria given above are fulfilled. 

[0037] With the embodiments described up to now the symmetrical vertical Hall element 1 is embedded 
in the N-type well 2 that has been produced in a P-type substrate by the implantation of ions and the 
subsequent diffusion. Such a technology is generally designated as CMOS technology. However, instead 
of a CMOS technology, a bipolar technology can also be used with which the symmetrical vertical Hall 
element 1 is embedded in an insulated area in an epitactical layer. Such an insulated area can also be 
designated as N-type well. While the N-type well produced with bipolar technology is homogeneously 
doped with impurity atoms, the doping of the N-type well produced with CMOS technology is not 
homogeneous. 



